the same time period (henceforth the 'open colony'). We compare these data to the volatile 48 components found in the bats' fur, collected weekly and analyzed using gas chromatography 49
(GC). 50
Our findings allow us to address an on-going debate regarding the conceptualization of 51 host-microbiome ecology and evolution: some perspectives emphasize the potential utility 52 of a holobiont theory, which regards the host and its associated microbial species together as 53 a meaningful ecological and evolutionary unit (14, 15). Others focus on a metagenomic 54 function-oriented account of the host and its associated microbiota (16, 17 ). Yet others 55
suggest that no such novel theory is required, and that the ecology of the host and its 56 associated microbiome can best be understood in terms of existing evolutionary and 57 ecological theory, e.g. microbe-environment interaction or generalized multi-species Lotka-58 Volterra dynamics (18). This debate also recalls an earlier debate in evolutionary biology 59 about levels of selection and ecological dynamics, with different perspectives suggesting the 60 gene, the individual, the kin group, or the social group as the meaningful biological unit, 61 whose trajectory in time is most useful and meaningful to track (19, 20) . The different 62 perspectives are not mutually exclusive, however, and may contribute complementary 63
insights. 64
Our empirical findings in the bats' fur microbiome suggest a perspective that to the best 65 of our knowledge is new, and which informs both the conceptualization of the host-66 associated microbiome and the question of the level at which ecological dynamics take 67 place. We propose that in some cases the whole colony of host organisms functions as a 68 collective host with which the microbiome is associated. 69
A range of studies in humans and a few in wild animals have suggested that at certain 70 body sites, such as the gut or skin, the primary determinant of the microbiome composition 71 is individual identity (21-29). That is, on average, two microbiome samples from the same 72 individual, taken at different time points, will be more similar to one another in their 73 composition than two samples from different individuals, even for individuals controlled for 74 sex, age, and other variables. Here we report that this regularity is not seen in the 75 composition and dynamics of the fur microbiome of a highly social mammal that roosts in 76 tight colonies -Egyptian fruit bats. Instead, we find that changes over time in the fur 77 microbiome are best described as occurring at the colony level, with inter-individual 78 variation playing a secondary role. The pattern seen in the gut microbiome, however, is 79 different: some coordinated change in microbiome composition occurs, but this 80 phenomenon is secondary to the role of individual identity and sex in determining 81 individuals' gut microbiomes. 82
Dynamics of change over time occur in the bats' fur chemistry as well: the bats' fur 83 constitutes a habitat whose conditions strongly influence the composition of the 84 microbiome, and are also affected by it. The idea that an animal's microbiome will shape its 85 odor and will thus play a role in its sociality (e.g., via olfactory recognition) has been raised 86 multiple times, but studied mostly with respect to the microbiome in scent glands or 87 specialized organs involved in olfactory communication ((30-36) ). As with the composition 88 of the microbiome, our results suggest a colony-level change over time of the bats' fur 89 chemistry. In addition, certain microbial taxa are linked to changes in the furs' profile of 90 volatile compounds. 91
92

Results
94
A total of 518 samples of the fur and gut microbiota of bats, together with 36 samples of 95 food and environmental control samples, were analyzed in this study, yielding 7196 non-96 chimeric Operational Taxonomic Units (OTUs) at 99% identity. These could be assigned 97 (Figure 1 ) to 581 bacterial species, belonging mainly to the phyla Firmicutes (mean relative 98 abundance in fur: 46%, and in gut: 39%) and Proteobacteria (mean relative abundance in 99 fur: 30%, in gut: 38%). The near absence of Bacteroidetes, usually prevalent in animal guts 100 (37), is noteworthy and likely related to the fruit bats' unique habits and diet. To minimize 101 weight during flight, bats chew the fruit, ingesting the juices and discharging much of the 102 remaining pulp; ingested fruit passes rapidly through the digestive tract, with a short 103 The most striking observation, and the focus of this report, was a coordinated change in 125 fur microbiome composition over time across all individuals (Figure 2a) 1 . This pattern is 126 strong relative to the lack of visual clustering of the samples according to individual identity 127 (Figure 2b) . A permutation analysis of variance supports this visual observation: the date on 128 which each sample was taken explains circa 35% of the fur microbiome variance in the 129 experiment colony, while individual identity explains only circa 8% of the variance 130 (PERMANOVA test using the Adonis method in R, p<0.001). To validate this finding, we 131 conducted a comparison of the distances between pairs of samples. We found (Figure 3a The difference between the main factors driving the dynamics in the two body sites, date 211 in the fur and individual in the gut, highlights the colony level dynamics as a feature not of 212 the bat microbiomes in general, but of the bat fur microbiome specifically. This is true 213 despite the fact that the diet of all individuals in the captive colony was almost identical, a 214 factor that should have increased the similarity of individuals' gut environments and 215 therefore their microbiomes. 216
The fur microbiome is expected to be strongly influenced by the fur chemistry, and also 217 to influence that chemistry. To examine the correlation between fur microbiome and fur 218 volatiles, we collected fur samples from the experimental bats every two weeks and 219 analyzed the composition of their volatile molecules by gas chromatography (GC). We 220 found a pattern analogous to the one seen in the fur microbiome: the prominent factor 221 governing variability is a change in the volatile profile over time, which is common across 222 individuals (Figure 4a suggesting an ecological succession process, driven by physiological maturation of the host. 269
The vast majority of individuals in our study were fully mature, so this cannot be the 270 underlying driver of the pattern we see. However, a physiological change of that nature may 271 account for some of the microbiome change over time in our experiment colony: for 272 example, changes in the females' reproductive state, which were correlated across most 273 females and that became pregnant at about the same time, accounted for 4% of the 274 microbiome variation (PERMANOVA, Adonis method in R, p<0.0001). 275
Our second main finding is that the gut microbiome is not characterized by such a 276 prominent change in time as seen in the fur. Why are the dynamics of the fur and the gut 277 microbiomes so qualitatively different? One possibility is that the difference is due to the 278 relative role that common environmental factors play in each of these two modalities: the fur 279 environment is strongly influenced by external factors, while the gut environment is 280 strongly affected by the individual's physiology and immune system, which buffer it from 281 such environmental influences as diet, which is largely common to all individuals in our 282 colony. This buffering can be seen as adding a "personalizing" effect, increasing the role of 283 individual identity determining gut microbiome composition. Another possibility is that the 284 different dynamics stem from differences in dynamics of bacterial transmission: the bats' 285 behavior, which includes frequent and extensive physical contact, has a homogenizing effect 286 on the fur microbiomes, a process from which the gut microbiome is relatively shielded. 287
From the bacterial perspective, one can think of gut bacteria as facing a greater transmission 288 limitation than fur bacteria, creating a structured meta-population in which each individual's 289 gut constitutes an "island", allowing both neutral and selectively-driven divergence between 290 the microbiomes in different guts. These possibilities are not mutually exclusive. particularly on dynamics of the white nose syndrome (48, 49) a serious emerging bat 302 epidemic in bats (50, 51). The highly correlated dynamics of the colony members' fur 303 microbiomes suggests that in bats, and perhaps more broadly -in social species that roost in 304 great proximity -the resilience to some types of disease may be largely a colony-level trait, 305
and less a feature of individuals. This has obvious implications, potentially influencing plans 306 for intervention that would mitigate the effects of the white nose syndrome or minimize the 307 prevalence of specific zoonotic pathogens. 308
From a more theoretical evolutionary standpoint, our findings suggest that selective 309 pressures on and through the fur microbiome, in species that are characterized by frequent 310 physical contact between individuals, may act most prominently at the colony level, and not 311 at the level of the individual, as is commonly assumed. This implies that it may be highly 312 informative to supplement the study of host-microbiome dynamics with a meta-community 313 framework that incorporates hierarchically structured transmission dynamics and in which 314 colonies are the entities whose fate is studied. comparison (not all were present in all 10 time points, as happens in a free ranging bat 328 colony); mean number of samples from each bat is 7). 329
All bats were handled with single use clean gloves and swabbed for DNA before other 330 measurements were taken, in order to limit contamination. The samples were taken by 331 sterile culture swab applicators (BD CultureSwab™) moistened with Ringer's Solution. Fur 332 sampling was done by sweeping the swab, back and forth, 10 times over each of four 333 different sites: shoulders, arm pits, stomach and muzzle. Sampling the gut microbiome was 334 done by holding the bat and squeezing the anus to extract transparent discharge. This 335 discharge was collected by sterile culture swab applicators moistened with Ringer's 336 Solution. Rousettus aegyptiacus has a relatively short intestine, not differentiated into small 337 and large parts and with no observed cecum or appendix (38); the duration of the intestinal 338 pass is approximately 40 minutes (38, 39). As the bats were after their day-fast and the 339 intestine was free of content, we suggest that this discharge well represents the core gut 340 microbiome without using invasive or lethal techniques (see supplementary Section 6 for a 341 comparison of the microbiome in these samples and in those found in the bats' feces). All 342 bats were sampled in the same way and in the same order. Additional environmental 343 samples were collected from the fresh food plates, capture nets, and air. After sampling, the 344 swabs were sealed in a sterile plastic container provided, and immediately taken for DNA 345 extraction. 346 DNA extraction and pyrosequencing 347 348
Genomic DNA was extracted from swabs using the PowerSoil© DNA isolation Kit 349 to ensure data evenness, data were rarefied to an equal depth of 1500 sequences per sample. 361
362
Data analysis 363
Demultiplexed raw sequences were quality filtered (PHRED quality threshold <20) and 364 merged using PEAR (52). Sequences shorter than 380bp (after merging and trimming) were 365 discarded. Data were then analyzed using the Quantitative Insights Into Microbial Ecology 366 (QIIME, version 1.9) package (53) in combination with VSEARCH (54). Sequences were 367
de-replicated and ordered by size before OTU clustering at 99% threshold; to reduce 368 spurious formation of OTUs, singleton sequences were not allowed to form new OTUs. 369
Chimeric OTUs were detected and discarded using UCHIME (55) algorithm against the 370 gold.fa database. Taxonomy was assigned using UCLUST (56) against the QIIME default 371 database (greengenes 13.8) . 372
373
Analysis downstream from QIIME was done in R and in Matlab. Primary R packages 374 used were Phyloseq, Vegan and Caret. Statistical tests were conducted using their 375 implementation in these packages, with the following settings: PERMANOVA: 376 Adonis{vegan}, permutations = 10,000. Mantel Test: mantel{vegan}, method = Pearson, 377 permutations = 10,000. Linear Discriminant Analysis (LDA): lda{caret}. In the 378 PERMANOVA tests no strata were used, and the effect of each variable, e.g. date of 379 sampling, individual identity, sex, and age, was assessed separately. Note that some of these 380 variables are co-linear. This procedure does not control for pseudo-replication, and thus a 381
Mantel test was conducted to support assertions regarding significance of variables 382 wherever possible, and PCoA clustering was used for visual demonstrations. PCoA plots 383
were made using ordinate{phyloseq}, with the default settings. The ellipses which describe 384 each group's center of mass are used for ease of visualization of the center of the 385 distribution of the points in that group, and reflect the 25% confidence level around the 386 center of a fit of these points to a multivariate normal distribution. Mantel tests were used to 387 assess whether pairs of samples from the same individual and those from the same date are 388 more or less similar to one another; this was done by performing a Mantel test on the matrix 389 of Jaccard distances and the matrix obtained by assigning 1 to pairs of samples from the 390 same date and 2 to pairs of samples from the same individual (see also (29)). 391
All results in the main text from Figure 2 onwards are for the dataset composed of the 392 focal individuals only, following the most conservative procedure of omitting potential 393 contaminant taxa. This included the removal of all microbial taxa that occurred in the 394 negative controls or in more than one of the samples of the bats' food at a frequency above 395 0.2%. The samples from the food were collected before it was introduced into the colony, 396
and thus any microbial taxa in them were viewed as potential contaminants. This procedure 397 may have omitted taxa that were not contaminants, and so the analyses were repeated with 398 the full dataset as well, to confirm that they yield the same qualitative results. Wherever 399 meaningful, analysis with the full range of samples is included in the supplementary 400 material. PERMANOVA tests and LDA analysis were done using the matrix of relative 401 abundances of microbial taxa, and PCoA plots in the main text present Jaccard distances 402 based on presence/absence of microbial taxa. Analogous analyses with additional distance 403 measures are presented in the supplementary material. 404
405
Analysis of volatile compounds in fur using gas chromatography 406 407
Fur samples were placed in 3ml vials containing dichloromethane, for a minimum of 7 408 days. The samples were sieved, extracts were transferred to new insert vials while the fur 409 was removed, dried and weighed for each sample. Two internal standards (udecanal and 410 ergosterol) of known concentration (0.01 ng/µL) were added to each extract. Samples were 411 first analyzed by combined gas chromatography/mass spectrometry (GC-MS;GC 7890A, 412 MS 5975C; Agilent) using an HP-5MS capillary column, that was temperature programmed 413 from 60°C to 300°C at 10°C/min. Compounds were identified by their mass fragmentation 414 and retention times compared with synthetic standards when available. Compound 415 quantification across samples was thereafter performed by gas chromatography with flame 416 ionization detection (GC-FID) (CP 3800; Varian) using a DB-1 fused silica capillary 417 column (30 m × 0.25 mm i.d.), temperature programmed as above, using peak integration. 
Data Accessibility 435
All data supporting the results reported in this study will be made available upon 436 publication. 437 438
